Bifunctional axon guidance cues have been grouped into two classes depending on whether changes in intracellular cAMP or cGMP switch the response of the growth cone between attraction and repulsion. According to this model, axons respond to netrin-1, a group I guidance cue, as a chemoattractant when cAMP levels are high in the growth cone but switch and are repelled when the intraneuronal concentration of cAMP is low. The model is complicated by the proposal that cAMP-dependent kinase, protein kinase A (PKA), functions as a downstream effector for several guidance cues, including netrin-1, suggesting a close inter-relationship between guidance cue signal transduction and mechanisms regulating the switch between attraction and repulsion. Here, we examine possible interactions between netrin-1-mediated axon guidance and cAMP signaling in embryonic rat spinal commissural neurons. We report that netrin-1 does not alter the concentration of cAMP or PKA activity in these neurons across a wide range of netrin-1 concentrations and time points after application, leading us to conclude that netrin-1 does not regulate PKA in these cells. In contrast to the cyclic nucleotide switch model, we report that, despite inhibiting PKA, embryonic spinal commissural axons were always attracted to netrin-1 and never repelled. Instead, manipulating PKA regulated the sensitivity of chemoattraction to netrin-1: PKA inhibition reduced, and PKA activation increased, the distance over which axons turn toward a source of netrin-1. These findings indicate that the mechanisms underlying cyclic nucleotideregulated switching are separable from the signal transduction mechanisms required for chemoattraction to netrin-1.
Introduction
During neural development, axons are directed to their targets by extracellular cues. Bifunctional guidance cues have been classified into one of two groups based on whether the response of the growth cone is converted between attraction and repulsion by changes in intracellular cAMP or cGMP Poo, 1999, 2001) . According to this model, netrin-1 is a group I guidance cue: growth cones containing high levels of cAMP are attracted to netrin-1, whereas those with low cAMP levels are repelled . Netrin-1 has also been reported to signal by elevating intracellular cAMP (Hopker et al., 1999; Corset et al., 2000) . Together, these findings have led to a model in which cAMP and protein kinase A (PKA) are downstream effectors of netrin-1 signaling, while also regulating the directionality of the axonal response to netrin-1 (Hopker et al., 1999; Song and Poo, 1999; Shewan et al., 2002; Nishiyama et al., 2003) We tested this model of netrin-1 chemotropic function using embryonic rat spinal commissural neurons, cells that extend an axon to the floor plate at the ventral midline of the developing spinal cord. These axons are initially repelled by bone morphogenetic protein-7 (BMP7) and growth/differentiation factor-7 secreted by the roof plate at the dorsal midline (Augsburger et al., 1999; Butler and Dodd, 2003) and then attracted by netrin-1 and sonic hedgehog secreted by the floor plate Serafini et al., 1994; Charron et al., 2003) . We reported previously that activating PKA recruits deleted in colorectal cancer (DCC) to the cell surface from an intracellular pool, enhancing axon extension in response to netrin-1 (Bouchard et al., 2004) . This study provided evidence that inhibiting PKA slowed commissural axon extension to the floor plate but did not examine a role for PKA in commissural axon chemotropic turning to netrin-1. Here, we provide evidence that application of netrin-1 does not affect cAMP signaling in embryonic rat spinal commissural neurons across a wide range of netrin-1 concentrations and time points. Furthermore, we demonstrate that PKA regulates the sensitivity of embryonic rat spinal commissural axon turning toward a source of netrin-1. Activating PKA increased the distance over which axons turned toward a source of netrin-1, whereas PKA inhibition reduced this distance. However, in contrast to the cy-clic nucleotide switch model, inhibiting PKA did not cause these axons to be repelled by netrin-1. We conclude that mechanisms underlying chemoattraction to netrin-1 are independent of mechanisms required for cyclic nucleotide-dependent switching. Our findings indicate that PKA regulates the sensitivity of spinal commissural axon chemoattraction to netrin-1 and are consistent with our previous report that PKA mobilizes DCC from an intracellular vesicular pool to the growth cone plasma membrane.
Materials and Methods
Reagents. Monoclonal anti-transient axonal glycoprotein-1 (Tag-1) (4D7) was obtained from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA), and KT5720 [(9R,10 S,12 S)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1 H-diindolo[1,2,3-fg:3Ј,2Ј,1Ј-kl] pyrrolo [3,4-i] [1, 6] benzodiazocine-10-carboxylicacid hexyl ester] was obtained from Calbiochem (La Jolla, CA). Rabbit antibodies against cAMP response element-binding protein (CREB) and phosphorylated CREB (pCREB) (Ser133, 1B6) were obtained from Cell Signaling Technology (Beverly, MA). Forskolin (Fsk), DNase, and poly-D-lysine (PDL) (70 -150 kDa) were obtained from Sigma-Aldrich (Mississauga, Ontario, Canada). Neurobasal, heat-inactivated FBS (iFBS), B-27 supplement, GlutaMAX-1, penicillin-streptomycin, and Ca 2ϩ /Mg 2ϩ -free HBSS were purchased from Invitrogen (Burlington, Ontario, Canada). Recombinant netrin-1 protein was purified from a HEK293-EBNA cell line secreting netrin-1 as described previously Shirasaki et al., 1996) .
Spinal commissural neuron cultures. Staged pregnant Sprague Dawley rats were obtained from Charles River Canada (St.-Constant, Quebec, Canada). The dorsal half of embryonic day 13 (E13) (vaginal plug, E0) rat spinal cords were isolated by microdissection and dissociated, as described previously (Placzek et al., 1990; Bouchard et al., 2004) . In brief, dorsal spinal cords were incubated at 37°C for 30 min in 0.0002% DNase Ca 2ϩ /Mg 2ϩ -free HBSS. The tissue was then triturated with flamed glass pipettes to yield a suspension of single cells. For both cAMP ELISAs and pCREB Western blots, 2 million dissociated cells were plated and cultured in 35 mm tissue culture dishes (Corning, Corning, NY) previously coated with 20 g/ml PDL for 2 h at room temperature. For the first 12 h, cells were cultured in Neurobasal supplemented with 10% iFBS, 2 mM GlutaMAX-1, 100 U/ml penicillin, and 100 g/ml streptomycin. The medium was then changed to Neurobasal supplemented with 2% B-27, 2 mM GlutaMAX-1, 100 U/ml penicillin, and 100 g/ml streptomycin for an additional 28 h before cell lysis. More than 90% of the cells in these cultures express Tag-1 and DCC, markers of commissural neurons in the dorsal spinal cord. Furthermore, choline acetyltransferase, expressed by motoneurons, was not detected in these cultures (Bouchard et al., 2004) .
cAMP ELISA. After treatments, commissural neuron cultures were lysed, and the cAMP levels measured using a low pH cAMP ELISA (R & D Systems, Minneapolis, MN) as per the instructions of the manufacturer for acetylated lysates. Absorbance in each well was measured on a model 680 microplate reader (Bio-Rad, Hercules, CA). Concentrations of each condition were normalized across experiments by determining percentage changes relative to the average value of controls, in the absence of netrin-1. pCREB analysis. After treatments, cells were lysed in radioimmunoprecipitation assay/Laemmli buffer (60 mM Tris, pH 6.8, 5% glycerol, 2.5% SDS, 1.25% BME, 7.25% DTT, 1% NP-40, 0.5% deoxycholate, and 150 mM NaCl). The relative amounts of unphosphorylated and phosphorylated CREB in lysates were assessed by Western blot analysis (Harlow and Lane, 1999) . Films were exposed using chemiluminescence (PerkinElmer, Montreal, Quebec, Canada) and scanned on a ScanJet 5300C (Hewlett-Packard, Mississauga, Ontario, Canada). Intensities of each band were measured using Photoshop 7.0 (Adobe Systems, San Jose, CA). Intensities across experiments were compared as percentage change in intensity relative to controls, without netrin-1.
Commissural axon turning assays. Segments of E11 rat spinal cord (vaginal plug, E0) were dissected, and aggregates of netrin-expressing HEK293-EBNA cells were prepared, as described previously (Placzek et al., 1990; Kennedy et al., 1994; Shirasaki et al., 1996) . Cell aggregates were immobilized in collagen alongside dissected E11 spinal cords. The explanted tissue was cultured for 40 h in supplemented Neurobasal (10% iFBS, 2 mM GlutaMAX-1, 100 U/ml penicillin, and 100 g/ml streptomycin) and then fixed with 4% paraformaldehyde. The trajectories of commissural axons were fluorescently labeled with Tag-1 (4D7) antibodies, followed by an Alexa Fluor 546-coupled secondary against mouse IgM. Digital images were acquired using a Magnafire CCD camera (Optronics, Goleta, CA) on an Axiovert microscope (Zeiss, Toronto, Ontario, Canada). Images were printed, and the deflection distances were determined by an observer blind to the experimental conditions. Distances were compared across experiments as the percentage distance in each condition relative to the average value of controls. Statistical significance was evaluated by a one-way ANOVA with Sheffé's post hoc test (Systat 9; Systat, Point Richmond, CA).
E13 spinal cord dorsal explant cultures. Dorsal spinal cord explants were dissected from E13 rat embryos, as described previously (Tessier-Lavigne et al., 1988) . Explants were embedded and cultured for 14 h in Neurobasal supplemented with 10% iFBS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Digital images of Tag-1-positive commissural axons were acquired as described above.
Results
Netrin-1 does not regulate cAMP concentration or PKA activity in embryonic rat spinal commissural neurons Elevation of cAMP results in PKA-dependent phosphorylation of CREB on Ser133 (Gonzalez and Montminy, 1989) . Based on cAMP immunocytochemistry and pCREB analysis, we reported previously that netrin-1 does not affect cAMP-PKA signaling after netrin-1 application (Bouchard et al., 2004) . We have now extended these findings, performing cAMP ELISAs and pCREB Western blot analyses across a wide range of time points and netrin-1 concentrations. Application of 200 ng/ml netrin-1 generates maximal commissural axon outgrowth from explants of E13 dorsal spinal cord, whereas 50 ng/ml generates approximately half-maximal outgrowth. Although these concentrations of netrin-1 elicited substantial commissural axon outgrowth (Fig.  1 A) , in no case did we find that they altered the concentration of cAMP or activation of PKA. Specifically, no significant difference in cAMP (Fig. 1 B) or pCREB (Fig. 1C) was observed after 15 min of 50, 100, or 200 ng/ml netrin-1 stimulation. Furthermore, 200 ng/ml netrin-1 also failed to increase cAMP (Fig. 1 D) or pCREB ( Fig. 1 E) after 5, 15, or 30 min. In contrast, large increases in intracellular cAMP and pCREB were detected within 5 min of application of the adenylate cyclase agonist forskolin (10 M Fsk) ( Fig. 1 B-E) (Metzger and Lindner, 1981) .
Inhibiting PKA reduces commissural axon sensitivity to netrin-1 but does not switch attraction to repulsion An aggregate of netrin-1-expressing cells placed against the cut edge of an E11 spinal cord explant causes embryonic spinal commissural axons to deviate from their dorsoventral trajectory and turn toward the source of netrin-1 (Fig. 2 A, D) . Similarly, placing an explant of roof plate or BMPexpressing cells causes these axons to be repelled (Fig. 2 F) (Augsburger et al., 1999; Butler and Dodd, 2003) . Given that commissural axons have the capacity to be either attracted or repelled, we used this turning assay to test the hypothesis that inhibiting PKA will switch the response of spinal commissural neurons to netrin-1 from attraction to repulsion. We found that application of 4 or 10 M KT5720, an inhibitor of PKA (Kase et al., 1987) , generated a dramatic reduction in pCREB after 12 h in culture (Fig. 3) . This effect is consistent with the reported 3.3 M IC 50 of KT5720 for PKA at physiological ATP concentrations (Davies et al., 2000) . Although KT5720 may influence targets other than PKA, we conclude that KT5720 inhibits PKA at the concentrations used. However, despite inhibiting PKA, commissural axons continued to be attracted to netrin-1. Although repellent turning was never observed, 10 M KT5720 reduced by 26% the distance over which rat commissural neuron axons turned toward the ectopic source of netrin-1 (n ϭ 27; p Ͻ 0.01) (Fig. 2 B-D) .
Increasing cAMP concentration and activating PKA increases the sensitivity of commissural axon turning to netrin-1
We reported previously that activating PKA recruits DCC from an intracellular vesicular pool to the plasma membrane of embryonic rat spinal commissural neurons and that this increases axon extension in response to netrin-1 (Bouchard et al., 2004) . These findings led us to hypothesize that activating PKA will enhance the sensitivity of commissural neurons to a gradient of netrin-1, increasing the distance over which chemoattractive turning occurs. In contrast to this prediction, cAMP and PKA have been reported not to alter the sensitivity of cultured Xenopus spinal neurons as they turn in response to netrin-1 . We therefore tested our hypothesis using the embryonic rat spinal commissural axon turning assay described above. Elevation of cAMP by application of 10 M forskolin (Fig. 1 B-E ) significantly increased the range over which axons turn toward a source of netrin-1 (n ϭ 60; p Ͻ 0.025) (Fig. 2C-E) . This is consistent with our previous report that PKA activation recruits DCC to the growth cone plasma membrane (Bouchard et al., 2004) .
Discussion
Here we examined the interaction of netrin-1 and cAMP-PKA signaling in embryonic rat spinal commissural neurons. Application of netrin-1 evoked no significant change in either the concentration of cAMP or the activity of PKA across a wide range of time points and netrin concentrations. Furthermore, despite inhibiting PKA, commissural axons did not switch their response to netrin-1. Rather, inhibiting PKA reduced, and activating PKA increased, the distance over which commissural axons turn toward a source of netrin-1. We conclude that activating PKA is not required for spinal commissural axon chemoattraction to netrin-1 and that mechanisms underlying netrin-1 chemoattraction are separable from mechanisms required for cyclic nucleotide-regulated switching. Consistent with PKA recruiting DCC to the growth cone plasma membrane from an intracellular vesicular pool (Bouchard et al., 2004) , our findings indicate that cAMP and PKA regulate the sensitivity of spinal commissural axon chemoattractive turning toward netrin-1 (for the model, see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
The absence of a cAMP-mediated switch between attraction and repulsion contrasts with findings obtained using cultured Xenopus retinal ganglion cells (RGCs) or Xenopus spinal neurons, whose axons are either attracted or repelled by netrin-1 depending on the intraneuronal concentration of cAMP Song et al., 1997 Song et al., , 1998 Hopker et al., 1999) . Attraction to a source of netrin-1 requires DCC, whereas members of the Unc5 homolog netrin receptor family (Unc5A-Unc5D) are required for the repellent response (for review, see Huber et al., 2003) . It is not clear which netrin-1 receptors are expressed by the Xenopus spinal neurons assayed in vitro, and the heterogeneous mixture of cells in these cultures confounds biochemical analyses. RGCs have been shown to express both DCC and multiple Unc5 homologs in zebrafish, rats, and mice (Deiner et al., 1997; Petrausch et al., 2000; Ellezam et al., 2001) . Xenopus RGCs express DCC (de la Torre et al., 1997; Shewan et al., 2002) , and, although the single identified Xenopus Unc5 homolog is not expressed by RGCs , it seems likely that they express a different family member. Two reports suggest that the relative amounts of DCC and Unc5 homologs expressed dictates whether an axon responds to netrin-1 as an attractant or repellent (Hamelin et al., 1993; Hong et al., 1999) . In Caenorhabditis elegans, ectopic expression of Unc5 caused axons to be repelled rather than attracted to a source of the netrin Unc6 (Hamelin et al., 1993) . Similarly, growth cones of cultured Xenopus spinal neurons were repelled by netrin-1 when they were engineered to overexpress Unc5 (Hong et al., 1999) . Interestingly, recent findings indicate that the cell surface presentation of DCC and Unc5 homolog netrin receptors is regulated by PKA and PKC, respec- Figure 1 . Netrin-1 does not alter cAMP levels or PKA activity in rat spinal commissural neurons. Netrin-1 induces the outgrowth of Tag-1-positive commissural neurons from dorsal spinal cord explants when present at concentrations between 50 and 200 ng/ml after 14 h in culture (A) . The numbers above each explant indicate the concentration of netrin in nanograms per milliliter. In lysates of commissural neurons cultured for 40 h, concentrations of cAMP and PKA activities were measured using cAMP ELISAs (B, D) and pCREB Western blots (C, E), respectively. The same concentrations of netrin-1 that induced extensive outgrowth failed to increase cAMP levels (B) or PKA activity (C) after 15 min. Furthermore, 200 ng/ml netrin-1 failed to increase cAMP levels (D) or PKA activity (E) after 5, 15, or 30 min. However, 5 min of Fsk increased cAMP levels (n ϭ 4; **p Ͻ 0.01; B, D) and PKA activity (n ϭ 3; **p Ͻ 0.01; C, E). In histograms B and C, values are expressed as a percentage of 0 ng/ml netrin-1 Ϯ SEM and, in D and E, are expressed as a percentage of time 0 Ϯ SEM. Scale bar, 100 m.
tively (Williams et al., 2003; Bouchard et al., 2004) . These, and our current findings, support an emerging model in which kinase activity regulates the amounts of DCC and Unc5 homologs inserted into the growth cone plasma membrane, which in turn determines whether the axonal response to netrin-1 promotes or inhibits outgrowth. Embryonic rat spinal commissural neurons, however, do not express Unc5 homologs as they are extending to the floor plate (Leonardo et al., 1997) . The responses observed therefore reflect DCC function in the absence of Unc5 homologs. Thus, the difference in the response to netrin-1 found between embryonic rat spinal commissural neurons and Xenopus spinal and retinal neurons may be attributable to differences in the netrin receptors expressed by these cells.
PKA is often included as a downstream component of netrin-1 chemoattractive signaling (Song and Poo, 1999; Nishiyama et al., 2003) , but little direct evidence supports this conclusion. A modest increase in cAMP immunoreactivity was reported in Xenopus RGC growth cones after exposure to netrin-1 (Hopker et al., 1999) , but biochemical analyses to support this finding have not been performed. The adenosine 2b receptor (A2b), a G-protein-coupled receptor that generates an increase in cAMP when bound to adenosine (Ralevic and Burnstock, 1998) , has been proposed to function as a receptor for netrin-1 in embryonic rat commissural neurons (Corset et al., 2000) . In contrast, subsequent studies demonstrated that embryonic rat commissural neurons do not express A2b as they extend axons to the floor plate, and pharmacological manipulations of adenosine receptor activity did not affect axon outgrowth or turning in response to netrin-1 (Stein et al., 2001; Bouchard et al., 2004) . It has been shown that manipulating A2b activity in Xenopus RGCs alters the concentration of cytosolic cAMP and switches between attractant and repellent responses to netrin-1 (Shewan et al., 2002) , but these experiments did not provide evidence that netrin-1 itself signals through A2b. Our finding that netrin-1 does not regulate the cytosolic cAMP concentration in commissural neurons reinforces the conclusion that A2b is not a receptor for netrin-1 in these cells.
Although PKA is not activated downstream of netrin-1 and DCC in commissural neurons, we do not rule out that other cues encountered by a migrating commissural growth cone may influence attraction to netrin-1 by regulating PKA. For example, laminin-1 has been reported to switch netrin-1 from an attractant to a repellent of RGC axon outgrowth by reducing cAMP (Hopker et al., 1999) . Furthermore, inhibiting PKA reduced spinal commissural axon extension to the floor plate (Bouchard et al., 2004) , consistent with the action of an as yet unidentified endogenous activator of PKA in the neuroepithelium of the embryonic rat spinal cord.
Our findings indicate that the capacity of cAMP-PKA signaling to switch between chemoattraction and chemorepulsion is not ubiquitous to all cells that respond to netrin-1. We conclude that netrin-1 does not activate cAMP-PKA signaling in embryonic rat spinal commissural neurons, that PKA activation is not required for chemoattraction to netrin-1, and that mechanisms underlying chemoattraction to netrin-1 are independent of mechanisms required for cyclic nucleotide-dependent switching. . Commissural axons were fluorescently labeled with Tag-1 (4D7). Deflection distances were measured, as shown in A, and plotted in C as the percentage distance relative to the absence of drugs. KT5720 at 10 M resulted in a 26.3% reduction (n ϭ 27; **p Ͻ 0.01) of the turning distance, whereas 10 M forskolin increased the turning distance by 9.2% (n ϭ 60; *p Ͻ 0.025). Repellent turning was never observed to a netrin-1 source, despite the ability of the commissural axon to be repelled by roof plate, as described previously (F ) (Augsburger et al., 1999) . Scale bar, 100 m. Figure 3 . KT5720 inhibits PKA activity in rat spinal commissural neurons. KT5720 is an ATP analog that competitively inhibits PKA (Kase et al., 1987) . After 24 h in culture, E13 spinal commissural neurons were then cultured for an additional 12 h with KT5720. As indicated, some cultures were then lysed immediately, whereas others were stimulated with 10 M forskolin for 5 min before lysis.
